Abstract: Myeloid cell leukemia-1 (Mcl-1) is often overexpressed in human cancer and is an important target for developing antineoplastic drugs. In this study, a data set containing 2.3 million lead-like molecules and a data set of all the US Food and Drug Administration (FDA)-approved drugs are virtually screened for potential Mcl-1 ligands using Protein Data Bank (PDB) ID 2MHS. The potential Mcl-1 ligands are evaluated and computationally docked on to three conformation ensembles generated by normal mode analysis (NMA), molecular dynamics (MD), and nuclear magnetic resonance (NMR), respectively. The evaluated potential Mcl-1 ligands are then compared with their clinical use. Remarkably, half of the top 30 potential drugs are used clinically to treat cancer, thus partially validating our virtual screen. The partial validation also favors the idea that the other half of the top 30 potential drugs could be used in the treatment of cancer. The normal mode-, MD-, and NMR-based conformation greatly expand the conformational sampling used herein for in silico identification of potential Mcl-1 inhibitors.
Introduction
Apoptosis is a highly conserved and regulated process for eliminating damaged and surplus cells, such as those generated during normal embryonic development and abnormal cancer. 1 Important regulators of this process are the B cell lymphoma 2 (Bcl-2) family of proteins, which include pro-and anti-apoptotic members. Antiapoptotic (ie, pro-survival) members include Bcl-2, Bcl-xL, Bcl-w, and myeloid cell leukemia-1 (Mcl-1), whereas pro-apoptotic members include Bax-like proteins, such as Bax, Bak, and Bok, and BH3-only proteins, such as Bad, Bim, Bmf, Bik, Hrk, Bid, Puma, and Noxa. 2 The interaction of pro-and anti-apoptotic proteins with regulators is a key element of cell survival and death.
Anti-apoptotic proteins are commonly overexpressed in a number of human cancers where they foster the survival of tumor cells. To inhibit anti-apoptosis (ie, promote apoptosis) and interfere with tumor cell survival, several small-molecule drugs that mimic pro-apoptotic BH3 proteins were developed. 3 The BH3-mimetics include ABT-737 4 and its orally available derivative ABT-263. 5 These BH3-mimetics bind selectively to Bcl-2, Bcl-xL, and Bcl-w and interfere with cell survival; however, they do not bind to Mcl-1 and some cancers cannot be treated by these compounds alone. To complicate things further, upregulation of Mcl-1 is a key factor in the development of resistance to ABT-737 and ABT-263. 2 Thus, there is an unmet need to design ligands, and in particular new small molecules, that inhibit Mcl-1. 6 Mcl-1 is a major cancer target, and Mcl-1 overexpression is often encountered in human cancer. 7, 8 Mcl-1 overexpression has been reported in breast cancer, 9 lung cancer, 10 prostate cancer, 11 pancreatic cancer, 12 cervical and ovarian cancers, 13 and leukemia. 14 Mcl-1 overexpression leads to resistance against Bcl-2-selective inhibitors and other smallmolecule drugs used in chemotherapy. 15 Remarkably, in vitro inhibition of Mcl-1 overexpression through RNA silencing inhibits tumor growth 16 and abolishes chemoresistance. 17 As such, Mcl-1 represents a promising cancer target. Virtual screening is currently a classical tool in drug discovery applied in the search for novel compounds that target a given protein of interest. 18 Computational screening approaches have gained general acceptance because, in comparison with high-throughput screening techniques, they are able to decrease both time and cost by limiting the number of compounds that must be experimentally tested. 19 There are two main approaches for virtual screening: 1) ligand-based and 2) structure-based virtual screening. The latter approach is often used if the three-dimensional (3D) structure of a drug target is available from experimental studies. For Mcl-1, several experimental structures are available and are listed in Supplementary materials, Table S1 .
To assist virtual screening, several studies have used molecular dynamics (MD) simulations. 20 MD simulation is a well-established method for understanding protein dynamics. In most cases, MD simulations provide snapshots that improve virtual screening predictive power over known crystal structures, possibly due to sampling more relevant conformations. Furthermore, unrestrained MD simulations can move conformations previously not amenable to docking into the predictive range. 21 To assist virtual screening, several studies have also used normal mode analysis (NMA). 22 NMA is one of the standard techniques for studying long-time dynamics and, in particular, low-frequency motions. 23 In contrast to MD, NMA provides an analytical and fully detailed description of the dynamics around a local energy minimum, 24, 25 and the conformation ensemble is generated by perturbing the initial structure along a set of relevant low-frequency normal modes.
To assist virtual screening, several studies have utilized structural ensembles obtained using nuclear magnetic resonance (NMR). Using multiple fixed conformation either experimentally determined by crystallography or NMR is a practical shortcut that may improve docking calculations.
In several cases, this approach has led to experimentally validated predictions. 26, 27 Thus, NMR, MD, and NMA have each been used separately to improve virtual screening. Here, we combine the three to assist virtual screening for Mcl-1 inhibitors.
In this study, we use conformations sampled by three separate methods, namely, NMA, MD simulation, and NMR, and virtually screen for novel ligands that can modulate the activity of Mcl-1. Using this technique with two curated data sets, namely, the US Food and Drug Administration (FDA)-approved drugs and lead-like molecules, we identify novel small molecules that could not have been detected using the unperturbed Protein Data Bank (PDB) structure.
Materials and methods nMa
For conformational sampling, we used model 1 of the NMR structure of PDB ID 2MHS 28 as a starting structure. Usually, NMR structures consist of an average structure and a number of ensemble structures. The NMR ensemble structures are numbered model 1, model 2, model 3, etc. As no average structure was available, we decided to use model 1 of PDB ID 2MHS as a starting structure.
To calculate normal modes of the Mcl-1 structure PDB ID 2MHS, 28 model 1, two programs were utilized, namely, STAND 23 and ElNémo. 29 For STAND, both real normal modes (REA) and Tirion modes (TIR) were calculated. For speed, the STAND option of coarse graining, 1 point, which accelerates the calculations yet does not flaw the results, was used, and default values of deformation amplitude were used. For ElNémo, default values of DQMIN -100 and DQMAX 100 were utilized. The DQMIN and DQMAX parameters correspond to the deformation amplitude in the direction of a single normal mode. For both STAND and ElNémo, only the three non-trivial lowest frequency modes were calculated. For each of these three modes, six PDB models were generated by STAND and six model structures were generated by ElNémo all fully distorted along the particular mode. These 12 model structures were subsequently used for molecular docking.
MD simulation
We run unrestrained MD of the Mcl-1 structure (PDB ID 2MHS, model 1), with the AMBER simulation package. 30 The simulation parameters were obtained from force fields leaprc.ff99SB for the protein and leaprc.gaff for organic molecules, since we used a water and ethanol solvent mixture. Our MD simulation comprises three stages, namely, system heating using constant number, constant volume, and constant Drug Design, Development and Therapy 2017:11 submit your manuscript | www.dovepress.com
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Virtual screening for potential inhibitors of Mcl-1 conformations temperature (NVT), system equilibration using constant number, constant pressure, and constant temperature (NPT), and production using NVT. System heating uses NVT (ie, constant volume) since at low temperatures, pressure calculation may lead to barostat overcorrection and system instabilities. System equilibration uses NPT (ie, constant pressure) and allows system density to equilibrate before production. Production uses NVT (ie, constant volume). Our MD simulation is based on a protocol similar to the one described by Romero-Durana et al. 31 Shortly, each time step was set to 2 fs, heating time was 200 ps, equilibration time was 1 ns, and production time was 200 ns (see Supplementary materials, Figure S1 ).
MD clustering
To obtain hierarchal MD clusters, the biomolecular simulation trajectory and data analysis program cpptraj, 32 which is part of the AMBER package, were used. Clustering is a means of partitioning data so that data points inside a cluster are more similar to each other than they are to points outside a cluster. In the context of molecular simulation, this means grouping similar conformations together. Similarity is determined by a distance metric -the smaller the distance, the more similar the structures. One commonly used distance metric is coordinate root mean square deviation (RMSD). Application of this procedure resulted in four main clusters, from which one centroid conformation PDB structure was chosen for subsequent molecular docking.
nMr conformations
The NMR conformational ensemble of PDB ID 2MHS 28 was used. This PDB entry contains 20 experimentally observed structures, which were all used for molecular docking.
Virtual screening
To identify potential inhibitors of Mcl-1, two molecular data sets were virtually screened and docked on to Mcl-1 using the AutoDock Vina program. 33 The molecular data sets include a lead-like subset and an FDA-approved subset. The lead-like data set was based on the standard lead-like of the ZINC database (version 12, September 29, 2014), 34 which contains 6,053,287 molecules from which a subset of 2,300,000 molecules were randomly selected. The leadlike library has been pre-filtered based on the properties of molecular weight between 250 and 350 g/mol, predicted partition constant (× LogP) #3.5, and number of rotatable bonds #7. The FDA-approved subset contained 1,790 FDAand internationally approved drugs and was kindly provided by Dominique Douguet from the Institut de Pharmacologie Moléculaire et Cellulaire. 35 To identify potential Mcl-1 inhibitors, we used multiple conformations of the protein. The multiple conformation comprised 20 NMR structures conformation of Mcl-1 (PDB ID 2MHS), 28 12 models obtained using NMA, and four models obtained using MD simulations. First, AutoDock calculation was performed on a representative structure of the NMR ensemble (model 1 of PDB ID 2MHS). Then, we picked the 1,000 ligands with the lowest binding energies and docked them on the multiple conformations sampled by NMR, NMA, and MD.
In all cases, AutoDock Vina (1.1.2 for linux) was run on our Ahalama cluster equipped with 960 Intel E5645 processors. In all cases, the default parameters of AutoDock Vina were as follows: the exhaustiveness of the global search was 8, the maximum number of binding modes to generate was 9, and the maximum energy difference between the best and worst binding mode displayed was 3 kcal/mol. For each ligand, only the best pose was retained. In all cases, the binding site on Mcl-1 was defined and limited by a box measuring 16, 18, and 20 Å. The X, Y, and Z coordinates of the center of the docking box were -2.2, -19.8, and 2.9, respectively. The box encompassed the entire binding groove of Mcl-1 and included the P1, P2, P3, and P4 binding sites defined by Belmar and Fesik. 
Results
Mcl-1 conformations
Combined, the NMR structures, NMA distorted models, and MD simulation models span more of the conformational space of Mcl-1 than on their own. The MD models with an RMSD of 1.34 Å cover a larger area of the conformational space than the NMR and NMA models with RMSD values of 0.82 and 0.72 Å, respectively. The NMA and MD models each share less in common than with the NMR structure from which they were derived. In contrast to MD, NMA provides a detailed description of the dynamics around a local energy minimum. Combined, these conformations span a larger area of the conformational space of Mcl-1 than on their own.
Many PDB structures are available for Mcl-1 as listed in Supplementary materials, Table S1 . For molecular docking, we chose PDB ID 2MHS, as it was the only structure solved without a peptide or a ligand, and we believe it is closest to the native state of the protein and it does not suffer from induced fit distortions.
Validation of in silico assay
To test the validity of our in silico assay, we virtually docked several ligands known to bind to Mcl-1 and compared their predicted binding energy with their experimental binding constants. These ligands included the small molecules 36 The ligands were virtually docked to the multiple Mcl-1 conformations calculated herein using AutoDock Vina. 33 The ligands displayed predicted attractive (negative) binding energies in the following order: -4.97 Kcal/mol (3WIX), -4.86 Kcal/mol (4HW3), -4.82 Kcal/mol (4ZBI), -4.74 Kcal/mol (4ZBF), -2.95 Kcal/mol (5FDO), -0.5 Kcal/mol (5FDR), and repulsive (positive) binding energy +16.6 Kcal/mol (ABT-737). Remarkably, the ligands were ranked in accordance with their experimental binding constants, namely, ,1 nM (3WIX), ~10 nM (4HW3), ~10 nM (4ZBI), ~10 nM (4ZBF), ~100 nM (5FDO), ~100 nM (5FDR), and no binding (ABT-737). The small molecule, ABT-737, which does not bind to Mcl-1, provided a positive repulsive energy. Assuming that the positive binding energy was an error, the Pearson's correlation coefficient of the predicted and observed binding is 0.90. Thus, in a small data set, the predictive capacity of our in silico assay was confirmed, and we set out to test it in large data sets.
Virtual docking with lead-like data set
Virtual docking of the ~2,300,000 lead-like molecules on the representative structure of Mcl-1 (model 1 of the PDB ID 2MHS) took ~7,200 hours. From these, the top 1,000 ligands (Supplementary materials, Table S2 ) with the lowest binding energy were selected for a more thorough screening using multiple conformations sampled by NMR, NMA, and MD. Virtual docking of the top 1,000 ligands on the 20 NMR ensemble structures of Mcl-1 (PDB ID 2MHS) took ~240 hours. Virtual docking of the top 1,000 ligands on the NMA distorted models of Mcl-1 took ~200 hours. Virtual docking of the top 1,000 ligands on the MD simulated models of Mcl-1 took ~150 hours. In all cases, the binding site on Mcl-1 was defined and limited by a box measuring 16, 18, and 20 Å (Figure 1) . Table 1 lists the top 10 lead-like molecules (see Supplementary materials, Figure S2 ) that bind to each Mcl-1 conformation sampled by NMR, NMA, and MD. The top 10 lead-like molecules are ranked according to their average binding energy. Interestingly, the three conformations (NMR, NMA, and MD) give diverse top 10 ranked compounds.
The top 10 ligands with the lowest average binding energies in the NMR conformation ensemble are ZINC069 09626, ZINC04529774, ZINC00134139, ZINC01668172, ZINC71890788, ZINC69705019, ZINC05500896, ZINC08405446, ZINC06507008, and ZINC95467634.
ZINC00134139 is structurally related to epinastine. ZINC1019606 is structurally related to S1, 37 40 ZINC2673507 is structurally related to the indole-2-carboxylic acid 33 (PDB ID 4HW2) that was a potent inhibitor of Mcl-1 (Kd =55 nM).
Virtual screening using lead-like molecules provides little information except the general skeleton of a ligand. In this study, the lead-like molecule mostly has two aromatic rings linked to a hydrocarbon chain. The lead-like molecules often display nitrogen in the hydrocarbon chain and in the polycyclic aromatic rings. In contrast to FDA-approved drugs, the lead-like molecules have little or no bioavailability and pharmacodynamic activity. The lead-like molecules also risk suffering from toxicity and metabolic instability. Thus, the only information provided by the lead-like molecules is the general skeleton that seems to be common to most Mcl-1 inhibitors to date.
Virtual docking with FDa-approved drug data set 
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Virtual screening for potential inhibitors of Mcl-1 conformations 2MHS) took ~300 hours, on the NMA distorted models took ~150 hours, and on the MD simulated models ~80 hours. Table 2 lists the top 10 FDA-approved drugs that bind to each Mcl-1 conformation ensemble sampled by NMR, NMA, and MD. The top 10 drugs are ranked according to their average binding energy. Remarkably, eight FDA-approved drugs are associated with cancer treatment and could become clinically relevant.
The top 10 ligands with the lowest average binding energies in the NMR conformation ensemble are exemestane, levorphanol, cyproheptadine, dextromethorphan, epinastine, lenvatinib, sibutramine, oxcarbazepine, mirtazapine, and darifenacin ( Figure 2) . Interestingly, two of these, exemestane and lenvatinib, are clinically used and approved for the treatment of cancer. Exemestane is a third-generation aromatase inhibitor administered in breast cancer, 41 and lenvatinib is a vascular endothelial growth factor receptor 1 (VEGFR1), VEGFR2, and VEGFR3 kinase inhibitor administered in thyroid cancer. 42 The top 10 ligands with the lowest average binding energies in the NMA conformation ensemble are nilotinib (-7.65), ergotamine (-7.6), miltefosine (-7.57), deferasirox (-7.53), lurasidone (-7.47), eltrombopag (-7.38), paliperidone (-7.35), adapalene (7.35), cabergoline (-7.23), and risperidone (-7.22) (Figure 3) .
Remarkably, four of these have been associated with the treatment of cancer, namely, nilotinib, cabergoline, miltefosine, and adapalene. Nilotinib is a selective Bcr-Abl tyrosine kinase inhibitor approved for the treatment of chronic myelogenous leukemia. Nilotinib, which shares some structural similarity with ABT-373, is currently undergoing clinical trials in combination with paclitaxel for the treatment of relapsed solid tumors (ClinicalTrials.gov ID NCT02379416).
As such, nilotinib is a promising candidate for Mcl-1-targeted cancer therapies. Cabergoline is an ergot derivative and a potent D2 dopamine receptor agonist used in the treatment of prolactinomas and uterine fibroids. 43 Cabergoline contains a tricyclic ring that is structurally related to the pan-Bcl-2 family inhibitor, S1, 37,38 a Bcl-2 family inhibitor that binds to Mcl-1 and Bcl-2 with nanomolar affinity, disrupts Bax/Bcl-2 and Bak/Mcl-1 complexes, induces Bax/Bak-dependent apoptosis, 37 increases oxidative stress, 44 and disrupts the interaction of Beclin 1 with Bcl-2. 45 Cabergoline is currently undergoing clinical trials in metastatic breast cancer as an adjuvant therapy of tamoxifen (ClinicalTrials.gov ID NCT01730729). Miltefosine is an alkylphosphocholine first studied as a treatment for cancer and approved for 
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Virtual screening for potential inhibitors of Mcl-1 conformations leishmaniasis in India. Adapalene is a third-generation topical retinoid that inhibits keratinocyte differentiation and proliferation. Of the top 10 drugs, four are atypical antipsychotics, namely, ergotamine, paliperidone, lurasidone, and risperidone, with serotonergic and dopaminergic activity. They are composed of a tricyclic head and an indole-like tail. Two other drugs do not seem to be associated with cancer and dopamine/serotonin pharmacology. These are deferasirox, an oral iron chelator, used to reduce chronic iron overload, and eltrombopag, a thrombopoietin receptor agonist used in the treatment of thrombocytopenia.
The top 10 ligands with the lowest average binding energies in the MD simulated conformation ensemble are azelastine, florbetapir, nebivolol, lenalidomide, dolasetron, droperidol, torsemide, mazindol, deferasirox, and thalidomide (Figure 4) .
Remarkably, two of these are already associated with cancer therapy, namely, lenalidomide and thalidomide, which induce apoptosis and are used in the treatment of multiple myeloma and myelodysplastic syndromes. 46, 47 Thalidomide and lenalidomide are structural analogs of the rhodanine derivative, BH3I-1, developed by Degterev et al, 48 which binds the BH3 binding groove of Mcl-1 with micromolar affinity. Of the top 10 drugs, at least three have dopaminergic and serotonergic activity. Dolasetron is a serotonergic and dopaminergic antagonist used against nausea, droperidol is an antidopaminergic antipsychotic, mazindol is a catecholamine reuptake inhibitor and a central nervous system (CNS) stimulant, trazodone is a serotonergic antagonist and reuptake inhibitor, and nebivolol is a β1-adrenergic receptor blocker with significant dopaminergic pharmacology. 49 (Structurally, trazodone is of particular interest as it ranks first on average.) Finally, three other drugs do not seem to be linked with serotonergic and dopaminergic activity. Azelastine is a second-generation H1 histamine receptor antagonist, deferasirox is an oral iron chelator used to reduce chronic iron overload, and torsemide is a pyridine-sulfonylurea-type loop diuretic mainly used in the management of edema associated 
standard deviation of binding energies is low for ligands with few conformations
In Supplementary materials, Table S2 , the binding energies of all ligands and their standard deviation are provided. The standard deviation characterizes the variation from the average ligand binding energy to 20 NMR, four MD, and six NMA conformations. AutoDock Vina was applied once for each Mcl-1 protein conformation, but by sampling multiple conformations, the signal-to-noise ratio of true positives is expected to increase. Ligands with low standard deviation of binding energies usually have few rotatable bonds, are rigid, and sometimes symmetric. For example, dihydroartemisinin and artemeter are rigidified by the polycyclic skeleton, whereas carbofenotion contains a C2 axis of pseudosymmetry. Contrarily, ligands with high standard deviations are highly flexible. The standard deviation is an indicator of entropy, and the more conformations a ligand may adopt, the more receptor poses are possible. Often, drug candidates with low standard deviation are preferred as binding is confined, but not always.
comparison of nMr, nMa, and MD conformations
Remarkably, the rank order of the FDA-approved drug is comparable in all three conformation ensembles. FDAapproved drugs that rank high in the NMR ensemble also rank high in the MD and NMA conformations, and drugs that rank low in the NMR ensemble also have a low rank in the MD and NMA conformations. Figure 5 illustrates the agreement between the drug ranking in the conformations sampled by NMR, NMA, and MD.
Drug ranking of the 1,790 FDA-approved drugs in the NMR ensemble and in the MD conformations correlates well with a Pearson's correlation coefficient of 0.87. Drug 
supplementary mode of action
This study postulates an additional target for some FDAapproved drugs, which may in fact also act on Mcl-1. Some of these drugs are already undergoing clinical trials as noted earlier. As such, this study paves the way for more informed clinical trials, in vivo and in vitro studies, experimental binding assays, and so on. Importantly, if a drug is already approved by the FDA for the treatment of cancer, then the clinical use of the potential Mcl-1 inhibitors could be very promising.
caveats
In our experience, we cannot know how a docked ligand will modulate the target structure and whether it will act as an agonist or an antagonist. In the past, eg, we inadvertently designed Mcl-1-binding peptides that induced proliferation instead of apoptosis (unpublished results). Here too, it remains unknown if the potential Mcl-1 inhibitors proposed herein act as agonists or antagonists in the Mcl-1-binding site. The ligands could either stabilize or destabilize a conformation required for interactions and apoptosis, and only experimental data in vitro and in vivo and clinical trials can answer this question.
In AutoDock Vina, ligand binding energies (ΔG) are predicted in kcal/mol. Importantly, however, the binding energies should be viewed as qualitative -and not quantitative -binding indicators. The individual value of a ligand's binding energy is less informative than the binding energy relative to other ligands. This consideration should be kept in mind when analyzing ΔG values, and relative values (ΔΔG) are more useful.
cell penetration
Since Mcl-1 is located inside the cytosol, the potential drugs must be able to cross the cell membrane. For most FDA-approved drug candidates listed here, some form of membrane crossing has been reported. For the lead-like compounds, however, cellular penetration data are unavailable, and only estimates based on the predicted octanol/water partition coefficient (LogP) are available. 50 serotonergic, dopaminergic, and histaminergic hypothesis Serotonin, dopamine, and histamine regulate cell proliferation, migration, maturation, and apoptosis in a variety of cell types, including lung, kidney, endothelial cells, mast cells, neurons, and astrocytes. 51, 52 Some of the potential Mcl-1 ligands presented here are serotonergic, dopaminergic, and histaminergic modulators (ie, ergotamine, paliperidone, lurasidone, and risperidone) and share structural similarity with serotonin, dopamine, and histamine. We hypothesize that serotonin, dopamine, histamine, and Mcl-1 modulation are associated. Such a coincidence is further supported by the vicious cycle of depression, anxiety, and cancer, which are both characterized by abnormally low levels of serotonin and dopamine. 
